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ABSTRACT
Young, rapidly-rotating M dwarfs exhibit prominent starspots, which create quasiperiodic
signals in their photometric and Doppler spectroscopic measurements. The periodic Doppler
signals can mimic radial velocity (RV) changes expected from orbiting exoplanets. Exo-
planets can be distinguished from activity-induced false positives by the chromaticity and
long-term incoherence of starspot signals, but these qualities are poorly constrained for fully-
convective M stars. Coherent photometric starspot signals on M dwarfs may persist for
hundreds of rotations, and the wavelength dependence of starspot RV signals may not be
consistent between stars due to differences in their magnetic fields and active regions. We
obtained precise multi-wavelength RVs of four rapidly-rotating M dwarfs (AD Leo, G 227-
22, GJ 1245B, GJ 3959) using the near-infrared (NIR) Habitable-zone Planet Finder, and
the optical Keck/HIRES spectrometer. Our RVs are complemented by photometry from Ke-
pler, TESS, and the Las Cumbres Observatory (LCO) network of telescopes. We found that
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all four stars exhibit large spot-induced Doppler signals at their rotation periods, and inves-
tigated the longevity and optical-to-NIR chromaticity for these signals. The phase curves
remain coherent much longer than is typical for Sunlike stars. Their chromaticity varies, and
one star (GJ 3959) exhibits optical and NIR RV modulation consistent in both phase and
amplitude. In general, though, we find that the NIR amplitudes are lower than their optical
counterparts. We conclude that starspot modulation for rapidly-rotating M stars frequently
remains coherent for hundreds of stellar rotations, and gives rise to Doppler signals that, due
to this coherence, may be mistaken for exoplanets.
Keywords: techniques: radial-velocities, planets and satellites: fundamental parameters,
stars: stellar activity
1. INTRODUCTION
M dwarfs are attractive targets for radial ve-
locity (RV) observations in search of exoplanets.
Their low masses (M∗ ≤ 0.5M) result in larger
Doppler amplitudes for a given planet mass, and
the high density of absorption features in their
spectra contain abundant RV information content.
The stellar-heated habitable zone (SHZ; Koppa-
rapu et al. 2013), the range of orbital separations
where the stellar insolation may allow surface wa-
ter, is much closer to the star for M dwarfs. Thus,
SHZ planets orbiting M dwarfs have greater RV
amplitudes, and may be discovered more quickly
than for FGK stars. The planet-to-star size ra-
tio offers advantages for studying transiting plan-
ets as well; to date, the characterization of atmo-
spheres for Earth-sized exoplanets has been largely
restricted to planets orbiting late-type stars (e.g.,
Kreidberg et al. 2014).
Doppler velocimetry of stars later than M3, how-
ever, is challenging for optical spectrographs. Such
stars are brightest and richest in RV informa-
tion content at red-optical and near-infrared (NIR)
wavelengths. To this end, we have developed and
commissioned the Habitable-zone Planet Finder,
or HPF, an ultra-stable NIR Doppler spectrograph
designed to provide sensitivity to low-mass ex-
oplanets orbiting nearby M dwarfs (Mahadevan
∗ Henry Norris Russell Fellow
† Robert A Millikan Postdoctoral Fellow
et al. 2012, 2014). HPF is a facility instrument
on the 10 m Hobby-Eberly Telescope at McDon-
ald Observatory in Texas. The combination of NIR
wavelength coverage with a 10 m aperture allows
HPF to overcome the inherent faintness and red-
ness of mid-late M stars and achieve suitable S/N
for precision velocimetry.
Designed from the bottom up to survey mid-to-
late M-dwarfs at 1 − 3m/s RV precision for plan-
ets in the SHZ, HPF covers the information-rich z,
Y , and J bands (810nm to 1280nm) at a resolv-
ing power of R∼ 55,000, where the M-dwarf SED
peaks. For sensitivity in the near-infrared, HPF
uses a Hawaii-2RG detector array with a 1.7µm
cutoff, and its optical table is maintained at 180K
to suppress the near-infrared background black-
body radiation. To achieve its goal of 1m/s RV
precision around bright M-dwarfs, HPF employs
an active temperature control system capable of
maintaining the HPF cryostat at 180K with 1mK
stability long-term (Stefansson et al. 2016). HPF is
wavelength calibrated by a custom NIR laser fre-
quency comb (LFC) that provides calibration pre-
cision to better than 10cm/s precision (Metcalf
et al. 2019).
When searching for low-mass exoplanets with
precise RVs, it is crucial to remain cognizant
of astrophysical RV variability originating from
time-dependent processes in the target stars’ at-
mospheres. Such variability is nearly always
temporally correlated, and may be quasi-periodic,
which can lead to false-positive exoplanet detec-
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tions (e.g., Robertson et al. 2014). It is expected
that observing in the NIR will reduce (Marchwin-
ski et al. 2015), but not eliminate (Reiners et al.
2010), the impact of astrophysical variability due
to the diminished contrast of stellar magnetic fea-
tures (spots, plage, etc.) to the surrounding pho-
tosphere. An exoplanet candidate at its host star’s
rotation period has a high probability of being a
false positive, as rotating stellar features such as
starspots can create RV signals at the rotation pe-
riod or its harmonics (Boisse et al. 2011; Newton
et al. 2016; Vanderburg et al. 2016). This is espe-
cially true for young, active stars, where starspots
may create RV signals with amplitudes in excess
of 100m/s (e.g., Queloz et al. 2001).
Tuomi et al. (2018) recently reported the detec-
tion of a candidate exoplanet with a period P = 2.23
days orbiting the M4.5V dwarf AD Leo, an ac-
tive nearby (d = 4.9pc) star, based on archival RVs
from the HARPS and HIRES spectrographs. The
candidate planet’s period matches the rotation pe-
riod of the star, suggesting that it is in spin-orbit
resonance with its host star. The planet, if con-
firmed, would therefore be rare for a number of
reasons. In addition to the unusual circumstance
of being locked in spin-orbit resonance, it is more
massive than is known to be typical of the M
dwarfs surveyed to date (e.g., Endl et al. 2006).
Tuomi et al. (2018) detailed several arguments for
why the RV signal of AD Leo is likely to be caused
by an exoplanet, including the fact that the RV sig-
nal appears to remain coherent for the extent of
the HIRES and HARPS observations, while more
direct tracers of astrophysical variability such as
photometry and activity-sensitive absorption lines
show a highly incoherent rotation signal. Never-
theless, out of an abundance of caution, Tuomi et
al. retained the “candidate” designation for the RV
signal pending further investigation. We observed
AD Leo as one of the first HPF commissioning
targets, under the hypothesis that if the 2.23-day
RV signal is in fact caused by stellar activity, NIR
RVs should readily reveal this via a reduction in
RV amplitude. This technique has been employed
at lower precision in the vetting of hot Jupiter can-
didates around very active T Tauri stars (Crockett
et al. 2012; Johns-Krull et al. 2016).
Our HPF observations of AD Leo and other ac-
tive M dwarfs challenged the exoplanet hypothesis.
For several targets, we observed large-amplitude
RV signals at the stellar rotation period that re-
mained remarkably consistent in amplitude and
phase over many stellar rotations. For the case of
the nearby M dwarf GJ 1245B, our earliest ob-
servations revealed a signal that was similar to
periodic behavior in archival optical Keck/HIRES
RVs. Thus, it appears that young, active M dwarfs
with persistent RV signals at the stellar rotation pe-
riod may be common.
Long-lived RV signals at the rotation periods
of M dwarfs are potentially consistent with ei-
ther planets or stellar magnetic activity. Coherent
starspot signals from M stars have been observed
to persist for years at a time (Robertson et al. 2014;
Davenport et al. 2015), which could give rise to the
observed RV signals. On the other hand, there is
at least one other candidate giant planet orbiting a
young M star very close to the stellar rotation pe-
riod (PTFO 8-8695; van Eyken et al. 2012; Koen
2015; Ciardi et al. 2015; Yu et al. 2015; Tanimoto
et al. 2020). However, the fact that we have identi-
fied several such signals in the first few HPF targets
would imply that spin-orbit coupled giant planets
are common around M dwarfs, which is inconsis-
tent with exoplanet surveys of older, quiet M stars.
Exoplanet occurrence rates from transits (Dressing
& Charbonneau 2015) and RVs (Endl et al. 2006)
conclusively rule out a large population of close-
in giant planets for M dwarfs. Most recently, Hsu
et al. (2020) used Kepler statistics to place an 84%
upper limit of 3-4% for the fraction of late-M stars
hosting planets with R > 4R⊕ at periods less than
4 days. Thus, if spin-orbit coupled gas giants are
common for young M stars, they must somehow be
destroyed as the star ages in order to have avoided
detection by previous surveys.
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Coincidentally, we noticed that AD Leo and sev-
eral of our other early HPF targets are similar in
that their rotational velocities (vsin i) and rotation
periods imply they are viewed at low inclinations,
sometimes close to pole-on. This caused us to
speculate that the observed RV signals might be
due to a type of long-lived feature in the stellar at-
mospheres that preferentially occurs at high lati-
tudes.
In an attempt to determine the origin of the per-
sistent RV signals for AD Leo and other pole-on M
dwarfs, we obtained precise optical and NIR RVs
of 4 such stars using Keck/HIRES and HET/HPF,
respectively.
As we were preparing this manuscript, Carleo
et al. (2020) published multi-wavelength RVs of
AD Leo from GIANO-B+HARPS-N that ruled out
the exoplanet origin for the 2.23-day Doppler sig-
nal. Our results are complementary to theirs, as
we will discuss in further detail in the relevant sec-
tions.
2. TARGET SELECTION
In order to investigate whether pole-on M stars
are particularly likely to exhibit long-lived RV sig-
nals at the stellar rotation period, we assembled
a list of “AD Leo analogs" in the northern hemi-
sphere. Specifically, we sought to identify rapidly-
rotating mid-to-late M dwarfs with low inclination
angles (i).
We adopted preliminary inclination values based
on literature estimates of stellar vsin i values and
rotation periods. We estimated the stellar in-
clinations using the methodology in Masuda &
Winn (2020), which correctly accounts for the cor-
relation in the stellar equatorial velocity (veq)—
estimated from the rotation period Prot and the stel-
lar radius R∗ as veq = 2πR∗/Prot—and its projec-
tion on the sky (vsin i). We selected rapid rotators
with i / 20◦ that could be observed from HET and
Keck. In this section, we provide a brief descrip-
tion of the 4 targets we selected. Relevant stellar
parameters of these targets are presented in Table
1. Updated parallax measurements from GAIA
DR2 (Gaia Collaboration 2018) facilitate refine-
ments of our targets’ fundamental stellar param-
eters, particularly those that rely on empirical cal-
ibrations to the absolute K-band magnitude, MK .
Specifically, we have used the MK calibrations of
Delfosse et al. (2000) and Mann et al. (2015) to
obtain estimates of the stellar mass and radius, re-
spectively, in the Table. In cases where the analysis
presented herein has yielded a more precise stellar
rotation period than previously published, we have
adopted that value in Table 1 and updated the stel-
lar inclination accordingly.
The rapid rotation of our targets suggests they
are likely young, although estimating precise ages
for M stars is notoriously difficult due to the slow
evolution of their fundamental parameters (e.g.
Laughlin et al. 1997) and the apparent rapid tran-
sition from fast to slow rotation states (Newton
et al. 2017). We have estimated ages for our
targets using the stellar isochrone fitting package
Isochrones (Morton 2015). We used Gaia DR2
parallaxes and GBP/RP colors, along with K-band
magnitudes and Te f f estimates from Table 1 as in-
puts. We used Isochrones’ default priors, ex-
cept for the prior on stellar age, for which we
adopted a uniform prior on log(age) from 6 to 10.
The resulting ages and their associated uncertain-
ties are listed in Table 1. While it is especially
difficult to compare rotation-based age estimates
for stars outside a physically-associated collection
such as a moving group, our isochrone-based ages
are consistent with the rotation-age relation of En-
gle & Guinan (2018). Broadly speaking, all indi-
cations are that our targets are all less than 1 Gyr
old.
In Table 1, the uncertainties on π, K, vsin i,
Prot , d, and Teff are shown as quoted in the refer-
ences listed. The uncertainties on rotation periods
measured herein are described in §4, and the un-
certainties on the stellar inclination i indicate the
68%-credible interval resulting from the Masuda
& Winn (2020) technique. For all other quantities,
the 1σ uncertainties are taken from basic propaga-
PERSISTENT STARSPOT SIGNALS ON M DWARFS 5
Parameter AD Leo G 227-22 GJ 3959 GJ 1245B
Measured Quantities
Parallax π (mas)(1) 201.3683±0.0679 128.4871±0.0576 88.8598±0.0771 214.5285±0.0824
Apparent GBP magnitude(1) 9.628±0.006 13.723±0.006 15.118±0.009 14.353±0.006
Apparent GRP magnitude(1) 7.053±0.005 10.459±0.005 11.589±0.005 10.511±0.005
Apparent K magnitude(2) 4.593±0.017 7.652±0.02 8.506±0.016 7.387±0.018
Rotational velocity vsin i (km/s) 2.63±0.6(3) 11.3±1.5(4) 7.1±1.5(4) 6.8±1.9(5)
Rotation period Prot (d) 2.2399±0.0006(6) 0.28018±1×10−5 (7) 0.51207±5×10−5 (7,∗) 0.709±0.001(8)
Derived Quantities
Distance d (pc)(9) 4.965±0.002 7.781±0.004 11.25±0.01 4.661±0.002
Absolute K magnitude MK 6.11±0.02 8.20±0.02 8.25±0.02 9.04±0.02
Mass M∗ (M)(10) 0.43±0.02 0.16±0.01 0.16±0.01 0.11±0.01
Radius R∗ (R)(11) 0.428±0.003 0.195±0.002 0.191±0.001 0.142±0.001
Effective Temperature Teff (K) 3382±80(3,11) 3124±51(12) 3008±66(13) 2859±60(11)
Luminosity L∗ (L) 0.0215±0.002 0.0033±0.0003 0.0027±0.0003 0.0012±0.0001
Stellar inclination i (◦)(14) 17±4 19±3 23±5 51+20
−15
Conservative HZ Bounds (AU)(15) 0.15—0.3 0.06—0.12 0.05—0.11 0.04—0.07
Isochrone Age (Myr)(16) 28+7
−5 500
+1100
−340 150
+90
−50 290
+60
−50
Table 1. Measured and derived stellar properties for our targets. References: (1): Gaia Collaboration (2018), (2): Cutri et al.
(2003), (3): Houdebine et al. (2016), (4): Reiners et al. (2018), (5): Delfosse et al. (1998), (6): Morin et al. (2008), (7): This work,
(8): Lurie et al. (2015), (9): Bailer-Jones et al. (2018), (10): Delfosse et al. (2000), (11): Mann et al. (2015), (12): Schweitzer
et al. (2019), (13): Muirhead et al. (2018), (14): Masuda & Winn (2020), (15): Kopparapu et al. (2013), (16): Morton (2015),
(17): Engle & Guinan (2018).
*Derived from RVs
tion of the measurement errors on the parameters
used to infer those values.
2.1. AD Leo
At just under 5 parsecs from Earth, AD Leo is
one of the closest and most well-studied M dwarfs.
Its high levels of activity and evolving magnetic
field have been well studied, including its flares
(e.g., Hawley et al. 2003; van den Besselaar et al.
2003), starspots (Hunt-Walker et al. 2012), and
global magnetic field (Morin et al. 2008; Lavail
et al. 2018).
AD Leo’s mass of 0.43M places it comfort-
ably in the regime of partially convective stars
according to the models of Chabrier & Baraffe
(1997). Thus, its magnetic field is likely produced
by the αΩ dynamo that results from shearing at
the boundary between its convective exterior and
radiative interior (Thompson et al. 2003). The
αΩ dynamo is believed to power long-period mag-
netic cycles in partially-convective stars (Brown
et al. 2011), and indeed Buccino et al. (2014) and
Tuomi et al. (2018) observe a 7-year activity cy-
cle in ASAS photometry of AD Leo. Interest-
ingly, Morin et al. (2008) find that AD Leo ex-
hibits significantly lower magnetic flux than stars
that have similar magnetic fields but which have
masses below the M∗ = 0.35M boundary for fully-
convective objects. They attribute this behavior to
the more efficient generation of a global magnetic
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field in AD Leo, which is again consistent with the
presence of an αΩ dynamo.
2.2. G 227-22
G 227-22 is a fully-convective M dwarf near the
Northern Ecliptic Pole, and as such receives multi-
sector coverage from TESS. The long-baseline
TESS coverage presented a unique opportunity to
study the effects of stellar magnetic activity on
both photometry and spectroscopy, so we observed
this star in the early stages of HPF science opera-
tions. Our HPF RVs revealed a remarkably con-
sistent signal at the star’s 0.28-day rotation pe-
riod (Newton et al. 2016). Given that AD Leo
and G 227-22 are both active, nearly pole-on M
dwarfs, we considered whether their persistent RV
signals might have similar astrophysical origins.
The similarities between these two stars prompted
the multi-waveband study presented here.
2.3. GJ 3959
GJ 3959 is the faintest and most distant of our se-
lected targets. As such, it is less well studied than
the rest of our sample. Its fundamental properties
are very similar to those of G 227-22, but its rota-
tion period is a factor of 2 longer. Its∼ 0.5-day ro-
tation period is an upper limit for achieving useful
phase coverage given our Keck/HIRES observing
strategy of attempting to cover a full rotation over
a single night.
2.4. GJ 1245B
The M6 dwarf GJ 1245B is the smallest and
coolest of our targets. It is the 43rd-closest star
to the Sun (Gaia Collaboration 2018), and a mem-
ber of the GJ 1245 hierarchical triple system of M
dwarfs. The system consists of the GJ 1245AB bi-
nary, orbited by the faint M8 companion GJ 1245C
(Harrington 1990).
Lurie et al. (2015) analyzed the Kepler lightcurve
of the GJ 1245AB binary, isolating periodic signals
associated with the rotation of each component.
They determined GJ 1245B has a rotation period
of 0.709 days. Combined with a vsin i of 6.8 km/s
(Delfosse et al. 1998), this implies a stellar inclina-
tion of 51◦, which is considerably higher than our
desired maximum of i ∼ 20◦. However, the avail-
ability of archival HIRES RVs—which showed ev-
idence of a signal at the stellar rotation period—
made this star an opportunistic target, for which we
essentially only needed to acquire new HPF veloc-
ities.
3. OBSERVATIONS AND DATA REDUCTION
Our targets all have significant amounts of spec-
troscopic and photometric data available. We ob-
tained some of these data specifically for this ex-
periment, but also took advantage of archival pub-
lic data. Our results rely primarily on the following
sources of data.
3.1. HPF radial velocities
We obtained NIR radial velocities of our targets
using HPF in its standard queue-scheduled mode.
We used typical total exposure times of about 15
minutes, usually divided into 3 5-minute expo-
sures.
The wavelength solutions for the HPF spectra are
calibrated using the laser frequency comb (LFC;
Metcalf et al. 2019). HPF’s calibration fiber offers
the ability to obtain an LFC spectrum simultane-
ously with our science exposures, but we only used
this option for AD Leo and G 227-22. For the other
two targets, GJ 3959 and GJ 1245B, we corrected
for any wavelength drift using the LFC exposure
frames taken throughout the night following the
methodology described in Stefansson et al. (2020).
This method has been shown to result in drift cor-
rection errors at the sub-m/s level, which is much
smaller than the RV amplitudes studied here.
Our HPF observations are spread throughout the
2018 and 2019 observing seasons—more details
on the sampling of each target are provided in §4.
We were allocated time to obtain one HPF obser-
vation each of GJ 3959 and G 227-22 on the same
nights as our Keck observations in order to anchor
the RV zero points in any models of the observed
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signals as exoplanet orbits. However, weather pre-
vented this observation in the case of G 227-22.
The HPF 1D spectra were reduced and extracted
with the custom HPF data-extraction pipeline fol-
lowing the procedures outlined in Ninan et al.
(2018), Kaplan et al. (2018), and Metcalf et al.
(2019). To compute the radial velocities from HPF
spectra, we adapted the publicly available SpEc-
trum Radial Velocity Analyzer code Zechmeister
et al. (2018) to reduce the HPF 1-dimensional
spectra following the methodology in (Stefansson
et al. 2020). For the RV calculations, we mask out
both telluric lines, and sky emission lines.
3.2. HIRES radial velocities
Our NIR RVs from HPF are complemented with
optical RVs, primarily from the HIRES spectrom-
eter on the 10 m Keck I telescope. For AD Leo and
GJ 1245B, previously-available public data were
sufficient, while we obtained new RV data for GJ
3959 and G 227-22.
3.2.1. Archival HIRES RVs
Time-series HIRES spectra of AD Leo and GJ
1245B are available on the Keck Observatory
Archive (KOA). RVs for these spectra were com-
puted and provided by Butler et al. (2017). We
have used the RV corrections provided by Tal-Or
et al. (2019), which remove small systematic er-
rors present in the Butler et al. velocities. All RV
signals analyzed herein are large enough to be in-
sensitive to these small corrections, but we nev-
ertheless used the most up-to-date reduction. We
have excluded from our analysis any observations
for which the median photon counts per pixel fell
below 650.
3.2.2. New HIRES RVs
We obtained new HIRES RVs of G 227-22 and
GJ 3959 as part of this experiment. Because Keck
is not queue-scheduled, we chose these two tar-
gets in part because their rotation periods are short
enough that we could cover most or all of a full
stellar rotation in a single night.
Our observations took place on the nights of
2019 May 17 and 2019 June 8 (UT). Our observing
strategy consisted of observing each star at high ca-
dence over the course of a night. For GJ 3959, we
obtained 11 RVs on the night of May 17, and 4 RVs
on the night of June 8. We acquired 40 RVs of G
227-22, all on the night of June 8.
We configured HIRES in the “red" cross-
disperser, which provides useful wavelength cov-
erage from approximately 3600−8000 Å. We used
a slit width of 0.861′′, yielding a resolving power
R ∼ 50000 near λ = 5000 Å. Precise RVs are ob-
tained by placing a temperature-controlled cell of
molecular iodine (I2) vapor in front of the slit. The
I2 imprints a series of weak absorption lines over
the stellar spectrum, which can be used to pre-
cisely calibrate the wavelength solution and track
changes in the instrument profile that would oth-
erwise cause shifts in our measured RVs (Valenti
et al. 1995; Butler et al. 1996). We performed ba-
sic data reduction (bias subtraction, flat fielding,
etc.) and spectral extraction using custom IRAF
scripts, and extracted precise RVs using the AUS-
TRAL (Endl et al. 2000) pipeline.
3.3. HARPS radial velocities
Our analysis includes RVs of AD Leo from the
HARPS spectrograph on the 3.6 m Telescope at
La Silla. We adopt the HARPS RVs as presented
in Trifonov et al. (2020), which have been re-
duced using the SERVAL (Zechmeister et al. 2018)
pipeline, and corrected for small night-to-night
systematics as done by Tal-Or et al. (2019) for the
archival HIRES RVs.
3.4. LCO photometry
To better understand and analyze astrophysical
RV variability, the HPF survey is also conduct-
ing a Key Project titled “High-Cadence Monitoring
of the Sun’s Coolest Neighbors” on the Las Cum-
bres Observatory (LCO; Brown et al. 2013) global
telescope network (previously known as LCOGT).
The project primarily uses LCO’s network of 0.4 m
telescopes to obtain multi-color photometric ob-
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servations of M stars targeted by HPF at a high
cadence–typically once per 24 hours. Our goal
is to identify signals associated with stellar activ-
ity that may propagate to RV measurements, and
to evaluate the color dependence of these features.
We observe our targets in the Johnson V and SDSS
i′ filters in order to monitor the stellar variability
in the optical and NIR bandpasses. Our cadence
scheduling includes an airmass limit of 2.0 to min-
imize scintillation errors, and systematics due to
differential atmospheric extinction. We also do not
observe a target if it is within 30◦ of the Moon.
Basic image reduction (e.g., flat, dark correc-
tion) for LCOGT images is performed automati-
cally with the observatory’s Bansai pipeline. Us-
ing these reduced images, we performed differ-
ential photometry with the AstroImageJ (Collins
et al. 2017) analysis package. We used AstroIm-
ageJ’s variable aperture setting, in which the pro-
gram calculates the point-spread function of each
image and scales the photometric aperture accord-
ingly. This adjustment accounts for variable see-
ing, focus position, and tracking errors from one
image to another. We manually removed any clear
outliers (> 5σ), which were clearly due to cosmic
rays or insufficient signal-to-noise.
A number of complications are associated with
using an automated, multi-site facility such as
LCO. We find that the detectors on the 0.4 m net-
work exhibit intermittently hot pixels, which natu-
rally vary from site to site. The CCD noise pattern
also changed in June 2018, when the observatory
switched from 2× 2 pixel binning to 1× 1. The
pointing and tracking of the 0.4 m telescopes are
not perfectly consistent, so the target and compari-
son stars may fall on unreliable pixels in some im-
ages and not others. The magnitude of the pointing
shifts is large enough that some of our comparison
stars occasionally fall off the field of view, further
complicating our data reduction. We handle these
correlated noise sources using the Inhomogeneous
Ensemble Photometry (IEP) technique (Honeycutt
1992), which uses a least-squares solution to re-
move non-astrophysical variability across a series
of images. IEP has the advantage of not requir-
ing a given comparison star to appear in every im-
age. After applying the IEP algorithm, we fit and
subtracted zero-point offsets to values taken with
a given telescope and binning (2× 2 versus 1× 1)
mode.
3.5. Kepler photometry
GJ 1245B lies within the Kepler field, and was
observed as part of Kepler’s 4-year primary mis-
sion to identify transiting exoplanets (e.g., Borucki
et al. 2010). The GJ 1245 binary is unresolved in
Kepler images, which complicates the time-series
analysis of the lightcurve. Lurie et al. (2015)
analyzed the Kepler photometry of the GJ 1245
system, finding a 0.71-day rotation period for GJ
1245B. We have not reanalyzed the Kepler data,
and instead rely on the Lurie et al. analysis herein.
3.6. TESS photometry
As of this writing, G 227-22 and GJ 1245B have
been observed by the TESS all-sky photometric
survey (Ricker et al. 2015) in the 2-minute “short"
cadence mode. GJ 1245B was observed in TESS
Sectors 14 and 15, for a total observational time
baseline of 54 days. G 227-22 is scheduled to
be observed in all of Sectors 14-25, and we have
currently analyzed data from Sectors 14-20. GJ
3959 will be observed in Sectors 24-25 (April-June
2020), while AD Leo is not scheduled to be ob-
served in the TESS prime mission.
We use the standard Presearch Data Con-
ditioning (PDC or PDCSAP) flux values as
provided by the TESS pipeline. We used
lightkurve (Lightkurve Collaboration et al.
2018) to retrieve the TESS lightcurves, as well as
to perform outlier rejection and binning.
4. ANALYSIS
4.1. AD Leo
4.1.1. Stellar rotation
AD Leo’s rotation period of 2.23 days is well es-
tablished by a number of spectroscopic and pho-
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Figure 1. HPF RVs of AD Leo from the 2019 observ-
ing season, folded to the best-fit rotation signal (dashed
line). The 8.2 m/s amplitude is less than half the pro-
posed amplitude of the planet proposed by Tuomi et al.
(2018).
tometric analyses (e.g., Morin et al. 2008; Hunt-
Walker et al. 2012). This rotation period, com-
bined with estimates that the star’s rotational ve-
locity was approximately vsin i ∼ 3 km/s (Morin
et al. 2008; Houdebine et al. 2016), suggested the
star was viewed close to pole-on.
4.1.2. New RVs
We have obtained 35 HPF RVs between April
2018 and February 2020. Our 2018 RVs were
obtained during HPF commissioning, after which
the instrument’s vacuum chamber was opened for
maintenance before the start of full science oper-
ations. We observed an RV zero-point offset in
our data after this opening, and therefore treat our
RVs before (HPFpre) and after (HPFpost) as sep-
arate data sets. After fitting an offset between the
HPFpre and HPFpost RVs, we find an RMS scat-
ter of 9.5 m/s, with a mean single-measurement
uncertainty of 1.5 m/s. The raw HPF variability
is in contrast with the HARPS+HIRES time se-
ries; after fitting and removing an offset between
the HARPS and HIRES RVs, we find an RMS
of 22 m/s. The difference in variability cannot
be attributed to a lack of precision in the optical
spectrometers: the HARPS RVs have a mean un-
certainty of 1.1 m/s, while the HIRES mean un-
certainty is 1.9 m/s. These uncertainties are un-
likely to be significantly underestimated, as the∼ 1
m/s precision achieved by these instruments (and
pipelines) on extremely quiet mid-M dwarfs such
as GJ 581 (Vogt et al. 2010) and Barnard’s Star
(Ribas et al. 2018) demonstrate their performance
on very cool stars.
In addition, the HARPS RVs of AD Leo provided
by Trifonov et al. (2020) include 5 velocities from
April 2016 that were not considered in the Tuomi
et al. (2018) analysis. Our results do not depend on
whether we use these data, but we include them for
the sake of completeness.
4.1.3. Evaluating the exoplanet hypothesis
A key advantage of HPF’s NIR wavelength cov-
erage is that it offers a way to determine whether
a periodic RV signal is caused by an exoplanet or
spot modulation via the ratio of optical-to-NIR RV
amplitudes. The lower spot-photosphere contrast
in the NIR should lead to a smaller RV amplitude
for a starspot signal relative to the optical (Reiners
et al. 2010; Marchwinski et al. 2015), while true
Keplerian motion should be achromatic.
Upon comparing the optical and NIR RVs for
AD Leo, it is clear that the star does not exhibit
a large-amplitude, achromatic signal at the rota-
tion period. The RV signal at the rotation period
is inconsistent between the optical and NIR RVs,
and even between seasons for the HPF RVs—the
HPF RVs exhibit a much higher RMS scatter in
the 2018 season (23 m/s) than in 2019 (6.4 m/s).
This drop in variability from 2018 to 2019 is also
observed by Carleo et al. (2020) in visible-band
HARPS-N RVs. In Figure 1, we show the 2019
HPF RVs, folded to the best-fit model at the rota-
tion period (as identified by radvel, Fulton et al.
2018). While the rotation signal is present in the
data, its amplitude and phase are broadly incon-
sistent with the planet proposed by Tuomi et al.
(2018); the amplitude is only 8.2 m/s, as opposed
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Figure 2. RVs of AD Leo, folded to the proposed planet period from Tuomi et al. (2018). The left panel shows all
RVs, while the other panels show the RVs from the 2006 season (middle), and RVs acquired in seasons other than
2006 (right). In each panel, the Tuomi et al. model is shown as a dashed line. Only the 2006 data are consistent with
the Tuomi et al. model. The 2019 HPF RVs (HPFpost) in particular are incompatible in both amplitude and phase
with the proposed exoplanet signal.
to the ∼ 20 m/s amplitude modeled by Tuomi
et al.
The seasonal variability of the rotation signal in
the RVs is inconsistent with the claim by Tuomi
et al. (2018) that the signal remained coherent over
more than 10 years of HIRES and HARPS obser-
vations. However, that claim was supported by
comparing subsets of HARPS observations taken
over a span of less than 3 months, whereas we find
for our targets that starspot signals can remain co-
herent for much longer. When looking at the entire
optical time series, we find that the rotation sig-
nal does not appear to be truly coherent. In par-
ticular, more than half of all the optical RVs were
taken within the 2006 observing season. In Fig-
ure 2, we show all available RVs phased to the
planet period proposed by Tuomi et al. (2018). We
have then separated the data into RVs from the
2006 season, and from all other seasons. The non-
2006 data is clearly inconsistent with the Tuomi
et al. model; they exhibit an RMS scatter of 20.2
m/s around the 2.22579-day period, as opposed
to 5.8 m/s in 2006. Furthermore, there is no fre-
quency near the stellar rotation period for which
all RVs can be modeled with a coherent signal.
This is most clearly evidenced by the amplitude
change between the 2006 optical and 2019 NIR
signals. Thus, based on the incompatibility of the
NIR HPF RVs with the Tuomi et al. model, and
the season-to-season incoherence of all RVs, we
conclude that the 2.23-day signal seen in RVs of
AD Leo is caused by starspot activity rather than a
spin-orbit-coupled exoplanet.
4.2. GJ 1245B
4.2.1. Stellar rotation
As mentioned previously, the Kepler lightcurve
of GJ 1245B has already been extensively analyzed
in Lurie et al. (2015). That study found that the
star’s photometric variability could be explained
by three distinct, long-lived spots or spot com-
plexes, and that the phase of the photometric vari-
ability sometimes shifted in phase over the span of
6 months to 1 year.
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Figure 3. RVs of GJ 1245B, separated by season and phased to the 0.709-day rotation period identified by Lurie et al.
(2015). The rotation signal is typically coherent across a single observing season, but evolves in phase and amplitude
from season to season.
4.2.2. Available RVs
Tal-Or et al. (2019) provide 41 RVs of GJ 1245B
spanning 2005-2011. These velocities have an
RMS of 55.6 m/s with a mean error of 17 m/s.
The HIRES RVs from 2009 and 2010 are contem-
poraneous with the Kepler photometry analyzed in
Lurie et al. (2015).
Our 21 new HPF RVs of GJ 1245B cover ap-
proximately 2 months between mid-September and
mid-November of 2018, with a single observation
taken in May 2019. As noted for AD Leo, the NIR
HPF RVs have a significantly lower RMS scatter
than the optical RVs at 35.1 m/s (mean error = 4.5
m/s).
4.2.3. RV analysis
The RVs are clearly modulated by the 0.71-day
stellar rotation. When folding the HPF velocities
to the 0.709-day period identified by Lurie et al.
(2015), we find that they can be modeled with a
single sinusoid, but that the 2019 observation is
by far the most discrepant from the model, falling
37 m/s (∼ 7σ) below the model expectation. This
suggests that the rotation signal has changed am-
plitude and/or phase between the two observing
seasons.
Seasonal variability of the rotation signal is clear
when examining the archival HIRES RVs along-
side those from HPF. The combined RV time se-
ries is inconsistent with a coherent sinusoid at the
rotation period, but RVs from individual seasons
are well-described by a coherent signal. In Fig-
ure 3, we show the RVs separated by season, folded
to the 0.709-day rotation period. We have omit-
ted individual points from 2005, 2006, 2011, and
2019 due to those seasons having too few observa-
tions. For each season, the period has been fixed
to the value provided by Lurie et al. (2015), but
we have modeled a sinusoid with the amplitude,
phase, and zero point as free parameters. The am-
plitude and phase of the signal changes signifi-
cantly over the 14-year combined time baseline,
but the signal is consistently coherent over a sin-
gle season, where a typical observing season cov-
ers 3-6 months. This result is fully consistent with
the 6-12-month phase evolution observed in the
Kepler lightcurve by Lurie et al. (2015). In fact,
Lurie et. al. observe a significant change in the Ke-
pler phase curve of GJ 1245B at BJD∼ 2455233
(see their Figure 7), which falls directly between
the 2009 and 2010 observing seasons for HIRES.
The RV amplitude of the rotation signal varies
from 38 to 72 m/s, with the HPF RVs having
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the lowest amplitude. However, the amplitude of
the 2018 HPF RVs is statistically indistinguishable
from that of the 2010 HIRES velocities. The 2010
RVs sample a relatively short-lived spot configu-
ration; the Kepler lightcurve shows the 2010 spot
configuration decayed over about 1 year, and thus
has no bearing on the 2018 RVs. Additionally, the
2010 phase curve showed the lowest amplitude in
the Kepler lightcurve from Lurie et al. (2015), ex-
plaining the reduced RV amplitude. Given that the
2010 observations clearly sample a period of re-
duced stellar variability, we speculate that the NIR
amplitude of starspot-modulated RV signals for GJ
1245B is smaller than the optical amplitude for
a given spot size, and that the spot configuration
from 2018 is likely more similar to those observed
in 2008 and 2009.
4.3. G 227-22
4.3.1. Determining the rotation period
The TESS lightcurve for G 227-22 exhibits fre-
quent strong flare activity, as expected for such
a rapidly rotating star. Upon excluding the
largest flares using iterative sigma clipping in
lightkurve, the 0.28-day rotation period re-
ported in Newton et al. (2016) appears prominently
in a power spectrum of the lightcurve. As shown in
Figure 4, folding the lightcurve to the rotation pe-
riod reveals the signal is coherent throughout TESS
Sectors 14-22, corresponding to about 900 stellar
rotations. The rotation signal exhibits a photomet-
ric amplitude of approximately 0.23%.
As shown in Figure 4a, the TESS photometry
from Sector 21 contains a significant amount of
correlated noise that is not present in data from
other sectors. We suspect it may be due to some
source of scattered light, as observed by Dalba
et al. (2020). While the rotation signal from Sec-
tor 21 is consistent with the other sectors, we have
omitted the Sector 21 photometry from our analy-
sis in order to avoid additional uncertainty due to
the unique systematics during that time.
The regularity of the photometric phase curve al-
lows us to very precisely determine the stellar rota-
tion period. As suggested by Angus et al. (2018),
we estimated the rotation period by modeling the
TESS lightcurve using a Gaussian process (GP;
Ambikasaran et al. 2015) correlated noise model,
which uses a kernel function ki j = k(ti − t j) to con-
strain the covariance between two given points in
a time series. As is becoming typical when mod-
eling stellar RV or photometric variability, An-
gus et al. determined rotation periods from Ke-
pler lightcurves using a quasi-periodic kernel. For
computational efficiency, we used the kernel de-
signed by Foreman-Mackey et al. (2017) as a drop-
in replacement for use with the celerite scal-
able 1D GP formulation:
ki j =
B
2 +C
exp−
(
|ti − t j|
L
)[
cos
(
2π|ti − t j|
Prot
)
+ (1 +C)
]
+σ2δi j.
Astrophysical interpretations of the
celerite kernel hyperparameters are analogous
to those of the quasi-periodic kernel. B is the am-
plitude, L is the decay timescale for the exponential
term, Prot is the recurrence timescale for the peri-
odic term (i.e. the stellar rotation period), and C is
a scaling term. σ2δi j is a “jitter" term that accounts
for additional white noise not accounted for by the
formal errors on the data. While these interpreta-
tions are useful for providing a more intuitive un-
derstanding of the GP model, Angus et al. (2018)
caution that the hyperparameters other than Prot
are often degenerate, and the short time baseline
of the TESS lightcurve prevent us from obtaining
tight constraints on them. In particular, since we
see no evolution of the phase curve during TESS
observations, the parameters dealing with signal
decay are difficult to fit. Thus, while we are con-
fident in our determination of the rotation period,
a more quantitative analysis of spot lifetime and
decay for G 227-22 would require longer-baseline
space photometry.
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Figure 4. Analysis of rotationally-modulated TESS photometry of G 227-22 from Sectors 14-22. The full lightcurve, binned
and sigma-clipped, is shown in a. Data from Sector 21 are shown in gray to indicate we have excluded it from our analysis. In
b, we show our GP model to the lightcurve for a representative segment of the time series. The GP model is shown as a blue
line, with the 1σ uncertainty region in gray. c shows a histogram of the 1D posterior distribution for the rotation period, and a
best-fit Gaussian model. d shows the lightcurve folded to the 0.28018-day rotation period. Points are color-coded according to
their timestamps to show that the signal shows no significant evolution over TESS’s time baseline. In e, we show stacked phase
curves, median-binned into segments of 7 days and phase steps of 0.05. Again, we see no phase drift in the lightcurve.
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GP Model Hyperparameters for G 227-22 Lightcurve
Parameter Prior Posterior
logB U (−6,0) −1.4+0.5
−0.4
logL (d) U (−6,6) 3.8+0.5
−0.4
logC U (−6,6) 4.2±0.2
Prot (d) N (0.28,0.03) 0.28018±1.0×10−5
σ U (10−9,10−3) 4.5×10−4±1.3×10−5
Table 2. Priors and 1-dimensional posterior distribu-
tions for the hyperparameters of our GP model to the G
227-22 TESS lightcurve.
We modeled the TESS lightcurve of G 227-22
as a celerite GP using the emcee MCMC
ensemble sampler (Foreman-Mackey et al. 2013).
We binned the sigma-clipped lightcurve by a fac-
tor of 10, so that each binned point represents a
time step of 20 minutes. Table 2 shows the pri-
ors adopted for our model; we constrained Prot
based on the period from Newton et al. (2016) and
our preliminary analysis of the TESS lightcurve,
and placed uninformative log-uniform priors on
the other hyperparameters. Our MCMC run used
50 random walkers, initialized with small pertur-
bations from a maximum-likelihood initial fit. The
MCMC chains were allowed to proceed for up
to 105 steps, although we halted the calculation
when the chains converged, where convergence is
defined as having a Gelman-Rubin statistic value
within 0.1% of unity (Ford 2006). The results of
our model are listed in Table 2. Our adopted val-
ues and their uncertainties are taken from the me-
dian of the posterior probability distribution and
the 16th/84th percentiles of the distribution, re-
spectively. In the case of the rotation period, we
obtain identical values by fitting a normal distribu-
tion to the posterior, as shown in Figure 4c.
In Figure 4, we show the results of our GP model
for a representative chunk of the data. We also
show the stability of the signal’s amplitude and
phase from two perspectives. First, we fold all
data to the best-fit period. Then, we divide the
lightcurve into 7-day chunks and bin it in phase
space, taking the median flux in each bin to min-
imize the impact of flares. We show the stacked
phase curves (as shown in, e.g., Lurie et al. 2015;
Davenport et al. 2015) to elucidate potential drifts
in the phase curve. We find that the phase and am-
plitude of the rotational modulation is extremely
stable, resulting in tight constraints on the period;
our 1σ uncertainty is just under 1 second.
4.3.2. RV modulation
Both HPF and HIRES RVs of G 227-22 show
clear, approximately sinusoidal variability at the 6-
hour rotation period. The amplitude of the modu-
lation in the HPF time series is approximately 140
m/s, whereas the HIRES RVs show a much higher
amplitude of 244 m/s. During our HIRES obser-
vations, the star underwent a minor flare, as ev-
idenced by emission in several of the spectrum’s
He I lines. The RVs from these spectra are anoma-
lously blueshifted from the expected peak of the
rotation phase curve, potentially due to the geome-
try of the flare relative to the rotationally Doppler-
shifted stellar photosphere (e.g. Reiners 2009). As
observed for GJ 1245B, the HPF RVs of G 227-
22 show rotational modulation that appears to re-
main coherent over a single observing season. Our
HIRES observations took place over a single night,
so those RVs alone do not inform us as to the sig-
nal’s longevity.
Given the stability of the photometric rotation
signal across the TESS lightcurve, we sought to
determine whether the RVs were consistent with a
coherent signal across the entire∼ 1-year observa-
tional baseline. In the top panel of Figure 5, we
show the RVs folded to the best-fit 0.28018-day
rotation period derived from the TESS lightcurve.
At that period, there is a large phase shift between
the 2018 HPF and 2019 HIRES RV signals. How-
ever, if the true period is shorter than our adopted
value by 4 standard deviations, the RVs are ap-
proximately in phase. The lower panel of Figure
5 shows the RVs folded to the shorter period.
We list three possible interpretations of these re-
sults:
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Figure 5. HPF and HIRES RVs of G 227-22, folded
to the stellar rotation period. HIRES RVs taken during
the stellar flare are marked with pink circles. In the top
panel, we have used the best-fit period derived from the
TESS lightcurve, while the lower panel uses a period
that is 4σ shorter. The phase (φ0) of the RV signals is
consistent when we adopt the shorter period.
1. The 0.28018-day rotation period is correct,
and the RV signal has changed phase be-
tween the two observing seasons. The phase
shift may be due to spots decaying and reap-
pearing in different locations, or because of
differential rotation shifting spots’ relative
longitudes.
2. The shorter 0.28014-day rotation period is
correct, and the RV signals are in phase. In
this case, it is likely that the spot configura-
tions producing the RV signals and the pho-
tometric phase curve are the same, and have
remained mostly unchanged over at least 23
months, or approximately 2500 stellar rota-
tions.
3. The TESS lightcurve samples a different
stellar latitude than the RVs. These lati-
tudes rotate differentially, but their atmo-
spheric features are long-lived. In this case,
the photometric and RV signals may both be
in phase with themselves, but do not have
exactly the same period. We consider this to
be the least likely possibility, since the sta-
bility of the TESS rotation signal would ap-
pear to be inconsistent with the presence of
differential rotation.
4.4. GJ 3959
4.4.1. Determining the rotation period
As of this writing, TESS lightcurves for GJ 3959
are not yet available, so we must rely on ground-
based photometric resources to determine its rota-
tion period. Newton et al. (2016) found evidence
for a period of 0.512 days based on photometry
from MEarth. We have observed GJ 3959 using
the LCO network over 2.5 years from 2017-2020,
amassing 487 usable images in the i′ filter. In the
V band, we used 3 exposures per visit because of
the star’s relative faintness in this band, and there-
fore acquired 1266 usable images. Given the rela-
tively short candidate rotation period, we have not
binned our V -band data. In Figure 6, we show a
generalized Lomb-Scargle (GLS; Zechmeister &
Kürster 2009) periodogram of our V -band time se-
ries, which shows a marginally-significant peak at
the 0.512-day period proposed by Newton et al.
(2016). The corresponding i′ periodogram shows
no significant peaks other than those created by
our daily sampling cadence, probably because of
the reduced amplitude of the photometric rotation
signal at longer wavelengths.
We find that neither the MEarth nor the LCO
photometry have both the precision and cadence
necessary to confidently constrain the long-term
coherence of the photometric phase curve. How-
ever, given the agreement between the power spec-
tra of the LCO and MEarth lightcurves on the
0.512d period, and the subsequent agreement of
our RVs with this period (described in the next sub-
section), we have adopted 0.51207 days as the ro-
tation period of GJ 3959.
4.5. RV analysis
The rotation curve of GJ 3959 is especially dif-
ficult to sample from ground-based facilities be-
cause of its proximity to half of an Earth day. The
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Figure 6. Generalized Lomb-Scargle periodogram of
our LCO V -band photometry of GJ 3959. The highest
peak occurs at 0.512 days, matching the rotation period
determined by Newton et al. (2016).
period is too long to sample at low airmass over
a single night. For queue-scheduled observations
with HET, the fixed-altitude design of the tele-
scope limits observability to certain “tracks" within
a night (Shetrone et al. 2007), so nightly observa-
tions typically result in repeated visits in the same
region of phase space. As a result, our RV sam-
pling of the rotational modulation for GJ 3959 is
poorer than for the other targets presented here.
For HPF, we have obtained 12 RVs between Jan-
uary and August of 2019, while our HIRES RVs
comprise 15 velocities taken across May 17 and
June 8 of 2019.
Our HIRES RVs again show a coherent, approx-
imately sinusoidal signal at the stellar rotation pe-
riod, and are amenable to fits at several periods
near 0.5 days. The HPF RVs, on the other hand,
can only be well modeled with a period very close
to the 0.512-day period preferred by the LCO and
MEarth lightcurves. In Figure 7, we show all RVs
phase-folded to the 0.512d period. The RVs ap-
pear remarkably consistent with a coherent, achro-
matic signal, although neither the HPF nor the
HIRES time series have sufficient phase coverage
to model the signal separately to determine their
consistency. Still, given the typical factor of ∼ 2
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Figure 7. HPF and HIRES RVs of GJ 3959, folded to
the stellar rotation period. A zero-point offset between
the spectrometers has been applied. A sinusoid fit to the
combined RV series is shown as a dashed line.
difference in RV amplitude observed between the
optical and NIR signals for AD Leo, G 227-22 and
(sometimes) GJ 1245B, it is somewhat unexpected
to see such similar levels of modulation for both
data sets. Given the phase coherence of the signals,
and the relative proximity in time of the observa-
tions, it seems unlikely that the optical and NIR
RVs sample completely different starspot distribu-
tions, as seen for GJ 1245B.
Given the low amplitude of the photometric ro-
tation signal, we find that we can best constrain
the stellar rotation period using our RV data.
The 0.51207± 5× 10−5-day period listed in Ta-
ble 1 is based on a sinusoidal fit of the combined
HIRES/HPF RV series using radvel. If we in-
stead model only the HIRES RVs, we obtain a pe-
riod of 0.51336±8×10−4 day, which is consistent
with our adopted value to less than 2σ. The HPF
RVs alone do not provide sufficient phase cover-
age to constrain a model. As Figure 7 shows, only
the combined data covers the full phase space of
the rotation signal, which motivates our choice to
adopt the period from the model to both data sets.
Tal-Or et al. (2018) showed 12 RVs of GJ 3959
from the visible-channel CARMENES spectrome-
ter. The CARMENES RVs show strong anticorre-
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lation with the chromatic index (CRX; Zechmeis-
ter et al. 2018), suggesting the Doppler variability
is wavelength dependent. Our HPF RVs show no
such dependence on CRX, suggesting a flattening
of the dependence at NIR wavelengths. We do note
that our current RV pipeline for HPF only extracts
velocities from orders covering wavelengths from
850 − 1080 nm, whereas the visible CARMENES
RVs are extracted across roughly 400 nm. Thus,
the CARMENES CRX metric offers more lever-
age for evaluating chromatic dependence. Because
the HIRES RVs are extracted from a relatively nar-
row range of wavelengths bounded by the I2 ab-
sorption band, no such chromatic dependence can
be evaluated. Given the phase coherence of the
HIRES and HPF RVs, we conclude that the most
likely explanation for the matching optical/NIR
amplitudes is that a single spot or spot complex
decreased its filling factor between the HPF and
HIRES observations such that the amplitudes ap-
proximately match. Another possibility is that the
chromatic dependence of the rotation signal’s am-
plitude is not monotonic, and increases for certain
NIR wavelengths. As suggested by Reiners et al.
(2013), this may be due to Zeeman splitting in
the NIR. In either case, the chromaticity claimed
by Tal-Or et al. (2018) suggests that the observed
RV periodicity is again caused by starspot activity
rather than a spin-orbit coupled exoplanet, despite
the agreement between optical and NIR RVs ob-
served here.
5. DISCUSSION
We have found that large-amplitude RV signals
at the rotation periods of rapidly-rotating M dwarfs
is common. This result, at its most basic level, is
unsurprising; rapidly rotating dwarfs of all spec-
tral types are known to exhibit activity-induced RV
signals (e.g., Queloz et al. 2001; Haywood et al.
2014; Zechmeister et al. 2018). What is most in-
teresting about our results are the amplitudes and
persistence of the RV rotation signals for these M
stars. In the case of G 227-22, a starspot signal
with just 0.2% amplitude—which is extremely dif-
ficult to measure from ground-based facilities—
gives rise to an RV signal hundreds of meters per
second in amplitude. Low photometric variabil-
ity is known to sometimes belie large spot filling
factors in young stars (e.g. Gully-Santiago et al.
2017), which probably explains the discrepancy
between the Doppler and photometric amplitudes
observed herein. We find that these RV amplitudes
are frequently lower in the NIR, but not reliably so.
While our sample is admittedly small, we find one
example—GJ 3959—where the NIR amplitude is
comparable to the optical, at least over a period of
6 months to a year. While GJ 1245B also shows
a NIR amplitude comparable to a single season
(2010) from HIRES, Kepler data from 2010 sug-
gests the star was especially quiet for that season,
complicating the direct comparison between 2010
and 2018 RVs.
For all of our targets, we find that it is typi-
cal for rotationally-modulated RV signals to re-
main coherent for at least one full observing sea-
son. At these rotation periods, such coherence im-
plies that the overall distribution of magnetically-
induced surface inhomogeneities—if not individ-
ual starspots or spot complexes themselves—
remains consistent for hundreds of stellar rota-
tions, at minimum. This is a dramatic departure
from Sunlike stars, for which spots tend to decay
over 2-3 stellar rotations (e.g., López-Morales et al.
2016). For the Sun specifically, spot lifetimes are
strongly correlated with size (e.g. Martinez Pillet
et al. 1993), and most spots disappear in less than
a single rotation.
The examples of GJ 1245B (Lurie et al. 2015),
GJ 1243 (Davenport et al. 2015), and G 227-22
(§ 4.3) provide useful context in which to place
our RV observations. For each of these rapidly-
rotating M dwarfs, space-based photometers show
phase curves which remain coherent over typical
timescales of 6 months to 1 year before evolving.
This evolution timescale is well-matched to an ob-
serving season from a ground-based facility, and
would explain why the RV signals remain coher-
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ent for as long as they do. Lurie et al. (2015)
suggest that differential rotation may be responsi-
ble for the phase shifts observed for GJ 1245B, as
spot complexes change their relative longitudinal
separation over time. Several starspot signals ob-
served in RV have shown evidence of differential
rotation (Santos et al. 2014; Johnson et al. 2016),
again suggesting consistency with photometric ob-
servations. Assuming this physical model is appli-
cable, it was probably not necessary for us to select
targets with low stellar inclinations; long-lived ro-
tation signals should be present for rapidly-rotating
stars at a range of inclination values.
We find that the joint HIRES+HARPS+HPF RV
time series for AD Leo is incompatible with the
presence of a giant exoplanet in spin-orbit reso-
nance, in agreement with Carleo et al. (2020). The
starspot signal that caused Tuomi et al. (2018) to
propose a planet persisted throughout the 6-month
observing season in 2006. This behavior is in-
consistent with the rapid phase evolution of the
MOST lightcurve from Hunt-Walker et al. (2012),
which shows the photometric signal evolving over
approximately 2 cycles. Carleo et al. (2020) sug-
gest that instead of originating from dark starspots,
the RV variations for AD Leo might be tied to in-
hibition of convection from the global magnetic
field. In this hypothesis, the RV rotation signal
will decay as the global field evolves (as observed
by Lavail et al. 2018), rather than with individ-
ual starspots. Further evidence that the RV rota-
tion signal may not be entirely due to starspots is
the 8 m/s NIR amplitude we observe with HPF.
This amplitude is consistent with the prediction of
Reiners et al. (2013) and Carleo et al. (2020) if
the NIR variability is caused by Zeeman splitting
rather than spot-photosphere contrast.
On the other hand, the RVs of GJ 1245B and G
227-22 appear to be much more consistent with
starspot modulation. Changes in amplitude and
phase of the GJ 1245B match changes in the Ke-
pler lightcurve, and the consistency of the G 227-
22 RV curve is matched by the TESS lightcurve.
We posit that these more rapidly-rotating stars
should have more powerful magnetic fields, which
may suppress differential rotation and starspot evo-
lution (as discussed in Küker & Rüdiger 2005;
Lurie et al. 2015; Davenport et al. 2015; Shulyak
et al. 2017). If so, we should expect both RV and
photometric time series to evolve more slowly, as
observed for GJ 1245B and G 227-22.
More broadly, our results suggest that confi-
dently detecting exoplanets at orbital periods near
the stellar rotation period or its harmonics may
be even more difficult than previously appreciated.
The community has often sought to discriminate
true exoplanets from false positives by relying on
the expectations that 1) an exoplanet signal will re-
main coherent indefinitely, while activity signals
decay, and 2) exoplanet signals are achromatic,
while activity signals decrease in amplitude with
increasing wavelength. In this study, we show
examples of starspot signals that violate both of
these assumptions. Furthermore, there is reason
to suspect that starspot signals for M dwarfs may
survive for many rotations even as the stars age
and spin down. For example, the rotation sig-
nal for Kapteyn’s star (Robertson et al. 2015) ap-
pears to remain in phase over 10 years of HARPS
and HIRES observations. Thus, any potential ex-
oplanet signal near an activity-induced periodicity
will need to be carefully vetted using additional in-
formation besides coherence and chromaticity.
On the other hand, the regularity of the observed
rotation signals—at least across a single observing
season—potentially creates an opportunity for de-
tecting exoplanets orbiting young M dwarfs. If the
rotation signal does not evolve over an observing
season, it should be possible to model and remove
it, revealing exoplanet signals in the residuals. This
is especially true if contemporaneous space-based
photometry is available to reliably model the ac-
tivity signal. The precision and cadence of TESS
photometry for G 227-22 allowed us to constrain
its rotation period extremely precisely; our 0.9-
second uncertainty on the period is, to our knowl-
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edge, the smallest uncertainty for the rotation pe-
riod of a main-sequence star other than the Sun.
For comparison, the most precisely determined pe-
riods from the large autocorrelation analysis of
McQuillan et al. (2014) have typical uncertainties
of a few hundred seconds, although here we are ad-
mittedly comparing the bespoke analysis of a sin-
gle star to batch analysis of thousands. A more
apt comparison might be to GJ 1243, the period
of which Davenport et al. (2015) determined to a
1σ uncertainty of about 18 seconds. Furthermore,
at these precisions, we should be explicit that we
are likely measuring the period of a single spot or
spot complex, and that the bulk rotation of the star
may be more complex than can be expressed as a
fixed period and uncertainty. For other M dwarfs
exhibiting similarly coherent spot signals, it should
be possible to determine equally precise variability
periods and model RVs to high accuracy.
As detailed in §2, our results are based on a
small sample of young, low-mass M stars. Thus,
the exact degree to which the phenomena observed
herein can be generalized to all Doppler survey tar-
gets is unclear. However, the large and diverse data
sets available for these targets allowed us to inves-
tigate in greater detail what has been recently ob-
served in other studies of larger numbers of objects
(e.g. Suárez Mascareño et al. 2018; Tal-Or et al.
2018). Namely, that starspot signals on M dwarfs
can exhibit markedly different characteristics from
those on hotter stars, and that the propagation of
those signals to RV is not reliably predictable.
6. SUMMARY AND CONCLUSION
We have obtained highly precise optical and
NIR RVs of four rapidly-rotating M dwarfs using
Keck/HIRES and HET/HPF. All four stars exhibit
large-amplitude RV signals at their rotation peri-
ods. These signals remain consistent in amplitude
and phase over typical timescales of at least a sin-
gle observing season. In general, the NIR ampli-
tudes of these signals are lower than the optical,
but not predictably so, and we identify one star—
GJ 3959—for which we cannot clearly establish a
difference between the optical and NIR RV signals.
The persistence and unpredictable chromaticity of
these signals emphasizes the challenge of detect-
ing true exoplanet signals near the rotation period
or its harmonics/aliases with RV.
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APPENDIX
A. DATA TABLES
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BJD RV σRM
(ms−1) (ms−1)
Pre-maintenance
2458233.7316037375 -12.81 1.0
2458234.7287878820 22.40 1.1
2458236.7293598424 16.11 1.1
2458237.7299096250 -29.77 1.4
2458238.7238860875 -1.26 1.2
Post-maintenance
2458473.8690427130 -10.84 1.2
2458476.8599258005 10.05 1.5
2458477.8559555200 -7.45 1.1
2458481.0492757780 7.55 1.4
2458489.0303301950 -2.75 1.2
2458500.7923769862 7.70 1.3
2458503.7973400960 4.74 1.2
2458507.7780896930 8.66 2.0
2458508.7752996893 -4.10 1.3
2458509.7704128380 4.50 1.2
2458512.9689388200 -0.29 1.6
2458522.7393540850 -3.61 1.4
2458529.7058527880 5.52 4.8
2458536.9098783443 5.04 1.2
2458538.6966876250 4.76 1.3
2458539.8999842554 -9.90 1.5
2458541.6804011953 -2.11 1.4
2458546.6761750420 -5.99 2.1
2458559.6363051767 -0.79 1.3
2458590.7565944204 2.32 1.7
2458593.7532936020 -6.41 1.0
2458596.7309973100 8.96 1.4
2458618.6695084795 1.81 1.1
2458621.6677907016 2.11 1.3
2458622.6635317607 -13.06 1.2
2458630.6384578010 7.87 1.3
2458887.7390454006 -6.55 1.4
2458892.9350831793 1.36 1.4
2458902.6923081093 6.64 1.8
2458904.6938378840 11.80 1.4
Table 3. HET/HPF radial velocities of AD Leo
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BJD RV σRM
(ms−1) (ms−1)
2458384.7240376705 0.01 3.0
2458385.7172474210 -26.90 2.6
2458398.6938574360 57.74 5.5
2458402.6836300040 -42.91 2.3
2458405.6832734635 29.44 2.5
2458417.6554489443 -19.42 2.7
2458424.6172750550 -41.28 2.7
2458427.6106645260 -9.24 3.3
2458429.6132536368 -48.84 4.8
2458430.6062095350 49.35 2.4
2458431.6040842435 12.83 2.5
2458433.5950916815 -2.86 2.9
2458437.5938322986 21.75 2.4
2458439.5759858433 -47.96 3.1
2458440.5887918435 36.70 2.5
2458441.5632593343 -4.23 3.8
2458442.5663821395 18.00 2.1
2458444.5741144414 -38.90 2.7
2458446.5664232653 -11.97 2.9
2458450.5487833503 28.67 2.4
2458609.8862807840 -23.58 5.1
Table 4. HET/HPF radial velocities of GJ 1245B
PERSISTENT STARSPOT SIGNALS ON M DWARFS 27
BJD RV σRM
(ms−1) (ms−1)
2458643.82992432 100.72 16.7
2458643.83753301 116.64 19.2
2458643.84507677 119.63 18.3
2458643.85262053 158.35 19.3
2458643.86016429 215.78 18.8
2458643.86770805 228.89 18.8
2458643.87525181 248.61 17.7
2458643.88279557 261.64 18.0
2458643.89034523 163.76 24.9
2458643.89788899 95.98 23.6
2458643.90542095 125.87 19.8
2458643.91580394 162.71 18.3
2458643.92334770 209.53 18.2
2458643.93089737 155.06 17.0
2458643.93844113 121.00 18.3
2458643.94598488 101.95 16.7
2458643.95353455 42.26 18.1
2458643.96107831 11.51 19.4
2458643.96862207 -26.28 20.7
2458643.97616583 -62.94 20.5
2458643.98371549 -118.68 20.4
2458643.99126515 -140.81 20.9
2458643.99880301 -172.12 20.8
2458644.00634677 -211.39 23.9
2458644.01389052 -248.11 22.6
2458644.02144019 -240.71 20.5
2458644.02898395 -247.63 22.7
2458644.03652771 -275.91 24.0
2458644.04407147 -271.88 22.8
2458644.05161522 -243.25 23.6
2458644.05963711 -220.53 21.5
2458644.06717497 -197.91 22.0
2458644.07471873 -170.75 21.6
2458644.08226839 -89.29 20.0
2458644.08981215 -56.24 19.4
2458644.09736181 -15.08 17.0
2458644.10489967 -1.27 19.4
2458644.11244343 41.11 20.4
2458644.11999309 136.84 21.5
2458644.12753094 192.76 19.5
Table 5. Keck/HIRES radial velocities of G 227-22
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BJD RV σRM
(ms−1) (ms−1)
2458234.9262919190 100.71 12.0
2458237.9207755327 59.37 10.1
2458238.9732010695 -110.79 13.1
2458263.8229116746 -43.32 13.2
2458264.8128271060 45.73 9.8
2458265.8844489027 -67.84 10.5
2458266.8188911910 124.41 8.7
2458267.8106331234 -157.50 8.7
2458270.8266936536 -40.18 9.8
2458288.8428498090 -111.37 9.7
2458289.8419703620 101.84 12.9
2458291.7777495836 131.88 10.8
2458292.8361749600 64.94 11.1
2458295.8200156377 -157.44 10.7
2458297.8230540957 -69.10 12.9
2458299.8125872920 -8.08 10.8
2458301.8135485550 97.53 9.2
2458319.6796065294 -91.42 8.7
2458322.6584219850 -17.01 9.1
2458380.5818420276 126.82 8.0
2458384.6017408385 -138.24 11.4
2458672.8121379544 67.75 13.4
Table 6. HET/HPF radial velocities of G 227-22
PERSISTENT STARSPOT SIGNALS ON M DWARFS 29
BJD RV σRM
(ms−1) (ms−1)
2458621.80730122 124.30 19.4
2458621.82597166 107.93 24.3
2458621.84392196 83.32 19.5
2458621.86188407 31.49 23.7
2458621.87985209 -19.28 22.9
2458621.89779058 -74.02 20.8
2458621.91573499 -80.56 19.4
2458621.98745946 -151.92 20.8
2458622.00542157 -154.53 21.3
2458622.02337187 -167.00 19.7
2458622.08690632 -134.83 31.3
2458643.76038372 99.83 22.6
2458643.77832782 87.79 21.4
2458643.79627192 119.62 22.9
2458643.81438720 127.93 22.2
Table 7. Keck/HIRES radial velocities of GJ 3959
BJD RV σRM
(ms−1) (ms−1)
2458502.0311931707 -6.24 23.5
2458504.0282843537 58.39 12.5
2458507.0036187563 45.01 17.3
2458509.0223591705 -12.11 12.1
2458519.9991261870 -174.57 41.4
2458521.9781113267 66.90 24.9
2458523.9701593937 74.37 15.1
2458529.9617544464 -28.89 32.5
2458531.9664613430 -172.92 29.2
2458543.9288727940 68.93 12.8
2458621.9416779354 -82.86 16.4
2458727.6370346285 -28.32 6.2
Table 8. HET/HPF radial velocities of GJ 3959
